N onhealing skin ulcers are one of the most serious consequences of diabetes, resulting in more hospitalizations than any other diabetic complication and representing a major contributing factor to amputation in diabetics. 1 A number of factors have been implicated in the predisposition to nonhealing wounds observed in diabetes, including macrovascular and microvascular disease, peripheral neuropathy, and impaired angiogenesis of wounds. Of these factors, angiogenesis is considered to play a pivotal pathophysiological role by virtue of its requirement for successful wound repair.
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Our previous studies have shown that sonic hedgehog (Shh) induces neovascularization in part by upregulation of multiple families of angiogenic growth factors, such as vascular endothelial growth factor (VEGF) and angiopoietins. 2 Very recently, we also demonstrated that the innate hedgehog (Hh) pathway is activated after myocardial ischemia and that Shh gene therapy may have therapeutic potential in this setting. 3 The aim of the present study was to determine whether the endogenous Shh pathway is physiologically involved in cutaneous wound healing in adults and to investigate the therapeutic potential of augmenting Shh signaling with the use of a simple, topical gene therapy to enhance diabetic wound vascularization and therefore accelerate wound repair. We evaluated topical Shh gene therapy in the leptin receptor-deficient diabetic mouse, which is an established model of deficient wound healing associated with diabetes. 4 Furthermore, we also evaluated the role of local Shh gene therapy on the contribution of bone marrow (BM)-derived endothelial progenitor cells (EPCs) using bone marrow transplanted (BMT) mice.
These studies reveal that topical Shh gene therapy can accelerate wound healing, promoting neovascularization by enhanced recruitment of BM-derived progenitors, thereby suggesting the potential for a practical, simple gene therapy to mitigate one of the most serious complications of diabetes.
Methods

Human Shh Plasmid
For construction of the human Shh plasmid (phShh), the aminoterminal domain of human Shh coding sequence was selected with the use of pCMV-ScriptPCR mammalian expression vector (Stratagene, La Jolla, Calif). PhShh is a 4878-bp plasmid that contains the 600-bp amino-terminal domain coding sequence of human Shh. Expression of Shh gene is modulated by the presence of promoter sequences from cytomegalovirus to drive Shh expression. Downstream from the Shh cDNA is an SV40 polyadenylation sequence. The plasmid contains a gene that confers neomycin/kanamycin resistance to the host cells.
Animals
C57BLKS/J-mϩ/ϩLepr db mice (db/db mice), C57BLKS/J (wildtype of db/db mice), green fluorescent protein (GFP) transgenic (Tg) mice, and C57BL/6 (wild-type of GFP Tg mice) were obtained from The Jackson Laboratory (Bar Harbor, Me). Nuclear localization signal (NLS)-Ptc1-LacZ mice or their wild-type littermates were kindly provided by Dr M.P. Scott (Stanford University, Stanford, Calif). We also used BMT mice created by transplantation of BM from GFP Tg mice. BMT mice were prepared as previously described with minor modification. 5, 6 BM cells were collected from femurs and tibias of donor GFP Tg or wild-type B6 mice by aspiration and flushing. Recipient mice were lethally irradiated with 12.0 Gy, and BMT from the Tg mice was performed. At 4 weeks after BMT, by which time the BM of recipient mice was reconstituted with the transplanted BM, skin wounds were made on the recipient mice, as described below. All procedures were performed in accordance with the Institutional Animal Care and Use Committee of St Elizabeth's Medical Center.
Preparation of DNA/Methylcellulose Pellets
DNA/methylcellulose pellets were prepared, as described previously. 7 Briefly, 100 g of phShh or LacZ plasmid was diluted in double-distilled H 2 O (20 L). Plasmid containing double-distilled H 2 O or double-distilled H 2 O alone was mixed with an equal volume of 1% methylcellulose prepared in double-distilled H 2 O. Then this solution was spotted onto bacterial plates and allowed to dry at room temperature for 2 hours. The dehydrated pellets were removed intact from the plates with forceps. Immediately after wounding, the dehydrated pellet containing plasmid was applied to the wound.
Creation of Wounds and Topical Application of PhShh
All mice were between 8 and 12 weeks of age at time of wounding. Mice were placed in individual cages and subjected to wounding. Wounding was performed as described previously. 8 After induction of deep anesthesia by injection of sodium pentobarbital (160 mg/kg IP), full-thickness excisional skin wounds with the use of 8-mm skin biopsy punches were made on the backs of mice. Immediately after wounding, the methylcellulose pellet containing phShh or LacZ plasmid was applied to the wound. Then the wound was covered with the semipermeable polyurethane dressing OpSite (Smith & Nephew, London, United Kingdom). Opsite, skin, and muscle surrounding the wound were sutured together with 6-0 Prolene to prevent the mouse from taking off the OpSite. For inhibitory study, 10 g of anti-VEGF antibody (R&D Systems, Minneapolis, Minn) was topically injected to the wound through Opsite twice a week to neutralize VEGF bioactivity.
Analysis of Wound Closure
A total of 5 db/db mice were used at each time point. Wound closure was documented with a digital camera (Nikon Coolpix 995, Nikon, Tokyo, Japan) on days 0, 5, 10, and 14. Images were analyzed with the NIH Image J analyzer by tracing the wound margin with a fine-resolution computer mouse and calculating pixel area. Wound closure was reported as the percentage closed and calculated as Percentage Closedϭ[(Area on Day 0ϪOpen Area on Final Day)/ Area on Day 0]ϫ100, as described previously. 7 The areas of the wounds were compared with a 1-way ANOVA test to determine statistical significance.
Histological Score
Wounds were harvested 10 days after application of either control (LacZ) or phShh. Histological scores were assigned in a blinded manner according to the method previously described. 8 
Fluorescence Microscopic Evaluation of Wound Vascularity
Fourteen days after creation of wounds and application of either PhShh or LacZ plasmid, animals were prepared for vascular labeling with rhodamine-conjugated BS1 lectin (Sigma-Aldrich, St Louis, Mo). Before euthanasia, 75 L of BS1 lectin was injected into the left ventricle to visualize functional vasculatures in the healing wound. This was allowed to perfuse for 10 minutes in the animal. After 10 minutes, the chest was entered, the left ventricle was cannulated, and the right ventricle was incised. The animal was perfused with phosphate-buffered saline and fixed with 4% paraformaldehyde. The wounds were then harvested from the dorsum of the animals. Vascularity was analyzed as described previously. 9
Immunofluorescence and Immunohistochemistry
Immunohistochemistry for Shh was performed on 4% paraformaldehyde-fixed paraffin-embedded tissue sections (5 m thick). Tissues were blocked with 3% hydrogen peroxide and 5% goat serum and treated with a 1:200 dilution of rabbit polyclonal anti-Shh antibody (Santa Cruz Biotechnology, Inc, Santa Cruz, Calif) followed by a biotinylated goat anti-rabbit antibody and Vectastain ABC reagent (Vector Laboratories, Burlingame, Calif). Multicolor immunofluorescence was performed on frozen sections (6 m thick). Labeling of functional vessels was performed by injection of rhodamine-conjugated BS1 lectin before euthanasia, as described above. For immunofluorescence double staining of CD31 and LacZ expression, rat anti-CD31 antibody (BD Biosciences, San Jose, Calif) and rabbit anti-␤-galactosidase antibody (Cortex Biochem, Inc, San Leandro, Calif) were used. For immunofluorescence double staining of Ptc1 or Smoothened (Smo) and VEGF, rabbit anti-Ptc1 antibody (Research Diagnostics Inc, Concord, Mass), rabbit antiSmo antibody (Santa Cruz), and goat anti-VEGF antibody (Santa Cruz) were used. Normal rabbit IgG (Santa Cruz) and normal goat IgG (Santa Cruz) were used as isotype controls. Green fluorescence was generated with fluorescein isothiocianate (FITC) streptavidin (Vector Laboratories) and biotinylated anti-rat antibody (Vector Laboratories) or biotinylated anti-goat antibody (Vector Laboratories). Red fluorescence was generated with Cy3-conjugated antirabbit antibody (Vector Laboratories).
Cultured EPCs were costained with acetylated low0density lipoprotein (acLDL)-DiI (Biomedical Technologies, Stoughton, Mass) and FITC-conjugated isolectin B4 (Vector Laboratories), both of which are features characteristic of endothelial lineage. 10, 11 Rabbit anti-␤-galactosidase antibody was used to detect LacZ expression in EPCs derived from NLS-Ptc1-LacZ mice. Blue fluorescence was generated with AMCA streptavidin (Vector Laboratories) and biotinylated anti-rabbit antibody (Vector Laboratories).
X-gal Staining
For X-gal staining, skin tissues from NLS-Ptc1-LacZ mice were harvested and processed as described previously. 12 For the negative control, skin from NLS-Ptc1-LacZ mice harvested immediately after wounding (day 0 wound) and wild-type wounded skin were used. Histological sections were counterstained with nuclear fast red.
Cell Culture
Fibroblasts were isolated from wild-type C57BL by placing explants (1ϫ1 mm) on plastic culture dishes that were subsequently cultured in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum (FBS) after the tissue had dried to the plate. Tissue explants were grown to confluence and passages as needed.
Ex vivo expansion of EPC was performed as recently described. 13 In brief, BM cells obtained by flushing the tibias and femurs were plated on rat plasma vitronectin-coated (Sigma-Aldrich) culture dishes and maintained in EC basal medium-2 (Cambrex, Rockland, Me) supplemented with 5% FBS, human VEGF-A, human fibroblast growth factor-2, human epidermal growth factor, insulinlike growth factor-1, and ascorbic acid. After 4 days in culture, nonadherent cells were removed by washing, new medium was applied, and the culture was maintained through day 7.
Quantitative Real-Time Reverse Transcriptase-Polymerase Chain Reaction
Skin samples were harvested 4 days after surgery and homogenized in RNA-Stat (Tel-Test Inc, Friendswood, Tex). RNA was isolated according to the manufacturer's instructions.
In an in vitro study, wild-type fibroblasts were plated in noncoating 35-mm plates at a density of 10 000 cells per well in Dulbecco's modified Eagle's medium containing 10% FBS for 24 hours. Wild-type EPCs were plated in noncoating 35-mm plates at a density of 4ϫ10 5 cells per well in EC basal medium-2 containing 5% FBS for 24 hours. Oct-Shh protein (hydrophobic modified protein designed to increase its activity) 14 was supplemented at the appropriate concentration (0, 0.5, 1, and 5 g/mL) in serum-free culture medium. Cells were harvested after 24 hours, and RNA was extracted with the use of RNA-Stat according to the manufacturer's instructions. Total RNA was reverse-transcribed with the use of Taqman Mutiscribe RT Kit (Biosystems), and amplification was performed on the Lightcycler (Roche) with the following primers and probes: human Shh: forward 5Ј-AAGGACAAGTTGAACGCTTTGG-3Ј, reverse 5Ј-TCGGTCACCCGCAGTTTC-3Ј and FAM-CTCCTGGCCACTG-GTTCATCACCG-TAMRA; mouse Shh: forward 5Ј-GCAGCAAG-TACGGCATGCT-3Ј, reverse 5Ј-GGATGTGAGCTTTGGATTCA-TAGTAG-3Ј and FAM-CTGGCTGTGGAAGCAGGTTTCGA-CTG-BHQ; Gli1: forward 5Ј-CACCACCCTACCTCTGTCTAT-TCG-3Ј, reverse 5Ј-TCCTGTAGCCCCCTAGTATCCA-3Ј and FAM-CCCAGCATCACCGAAAATGTTGCC-BHQ; PTC1: forward 5Ј-CTCTGGAGCAGATTTCCAAGG-3Ј, reverse 5Ј-TGCCGCAGTTCTTTTGAATG-3Ј and FAM-AAGGCTACT-GGCCGGAAAGCGC-TAMRA; VEGF: forward 5Ј-CATCTTC-AAGCCGTCCTGTGT-3Ј, reverse 5Ј-CAGGGCTTCATCGTTAC-AGCA-3Ј and FAM-CCGCTGATGCGCTGTGCAGG-BHQ; angiopoietin-1: forward 5Ј-GGGACAGCAGGCAAACAGA-3Ј, reverse 5Ј-TGTCGTTATCAGCATCCTTCGT-3Ј and FAM-TTGATCTTACACGGTGCCGATT-BHQ; angiopoietin-2: forward 5Ј-TCAGCCAACCAGGAAGTGATT-3Ј, reverse 5Ј-AGCATCTGGGAA-CACTTGCAG-3Ј and FAM-CACAAAGGATTCGGACAATGACA-AATGCA-BHQ; stromal cell-derived factor 1␣ (SDF-1␣): forward 5Ј-CCTCCAAACGCATGCTTCA-3Ј, reverse 5Ј-CCTTCCATTGCAG-CATTGGT-3Ј and FAM-CTGACTTCCGCTTCTCACCTCTG-TAGCCT-TAMRA; 18S: forward 5Ј-CGGGTCGGGAGTGGGT-3Ј, reverse 5Ј-GAAACGGCTACCACATCCAAG-3Ј and FAM-TTTGC-GCGCCTGCTGCCTT-BHQ. The relative level of expression of the target gene mRNAs was calculated by the comparative threshold cycle (C T ) method, with normalization for the control gene, 18s. Differences of C T values were calculated for each mRNA by taking the mean value from duplicate reactions and subtracting the mean value of 18s RNA from duplicate reactions. The fold change in the expression of each target gene by treated cells relative to control cells was calculated as follows: Relative Expressionϭ2 DCT .
Western Blotting for Shh
Skin samples were harvested 4 days after surgery and homogenized in lysis buffer. Protein extracts were used for Western blotting analysis of Shh. Proteins were detected with the use of primary antibody, rabbit polyclonal against Shh (Santa Cruz Biotechnology).
Proliferation Assay
The proliferative activity of cells treated with Shh was examined with the use of CellTiter 96 nonradioactive cell proliferation assay (Promega, Madison, Wis) according to the manufacturer's instructions. Briefly, subconfluent cells (fibroblasts: 5000 cells per well; EPCs: 10 000 cells per well) were reseeded on 96-well flat-bottomed plates with 100 L of the growth medium. Then cells were treated by Shh (0, 0.5, 1, 5, and 10 g/mL) and incubated for 48 hours at 37°C. The absorbance at 570-nm wavelength was recorded with the use of a 96-well ELISA plate reader (Bionetics Laboratory, Kensington, Md).
Migration Assay
EPC migrations were evaluated with a modified Boyden's chamber assay as described previously. 15 Briefly, the polycarbonate filter (5-m pore size) (GE Infrastructure, Fairfield, Conn) was placed between upper and lower chambers. Cell suspensions (5ϫ10 4 cells per well) were placed in the upper chamber, and the lower chamber was filled with medium containing human recombinant VEGF (50 ng/mL) (R&D Systems) or Shh protein (0, 0.5, 1.0, 5.0, 10.0 g/mL). The chamber was incubated for 16 hours at 37°C and 5% CO 2 . Migration activity was evaluated as the mean number of migrated cells in 5 high-power fields (ϫ40) per chamber.
Adhesion Assay
After 36 hours of incubation with Shh, EPCs were washed with PBS and gently detached with 0.25% trypsin. After centrifugation and resuspension in EC basal medium-2 containing 5% FBS, identical cell numbers were replated onto vitronectin-or laminin-coated culture dishes and incubated for 30 minutes at 37°C. Adherent cells were counted by independent blinded investigators. 16 
Tube Formation Assay
Endothelial tube formation was assessed with the use of Matrigel assay (BD Biosciences). After 24 hours of incubation with Shh, EPCs were washed with PBS and gently detached with 0.25% trypsin. Cells were seeded with a density of 3ϫ10 4 cells per well on a 4-well chamber coated with 250 L Matrigel and incubated with EGM-2 containing 5% FBS for 48 hours at 37°C. Tube formation was examined by phase-contrast microscopy.
Statistical Analysis
All results are presented as meanϮSEM. Statistical comparisons between 2 groups were performed by Student t test. Multiple groups were analyzed by 1-way ANOVA test followed by appropriate post hoc tests to determine statistical significance. Probability values Ͻ0.05 were considered statistically significant. All in vitro experiments were repeated at least in triplicate and analyzed.
The authors had full access to the data and take full responsibility for its integrity. All authors have read and agree to the manuscript as written.
Results
Shh Signaling Pathway Is Activated Postnatally in Wound Healing
We first examined the expression of the Hh receptor, which is a marker for activation/inactivation of the Hh/Ptc/Gli pathway, during wound healing. We visualized Ptc1 expression by X-gal staining after skin wounds in mice that carry a
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Topical Shh Gene Therapy for Wound Healingmutation of 1 allele of the Ptc1 gene consisting of insertion of a LacZ reporter gene upstream of the ptch coding region (NLS-Ptc1-LacZ mice). 17 We prepared 2 types of negative controls (Figure 1a, 1b) . Figure 1a shows X-gal staining of the wound of a wild-type mouse. No X-gal-positive area was observed. Figure 1b shows X-gal staining of the skin of Ptc1-LacZ mice harvested immediately after wounding. Xgal-positive areas were infrequently observed, not at the wound edge but within hair follicles within the uninjured skin. Three days after wounding, whole-mount X-gal staining shows upregulation of Ptc1 at the wound edge and in the area surrounding vessels (Figure 1c, 1d) . Microscopically, X-galpositive cells were localized mainly to hair follicles in adult skin just after injury (day 0 wound) ( Figure 1e ). In the dermal mesenchymal area, only a few cells adjacent to the hair follicles were positive. The number of Ptc1-positive cells was increased in wounds at day 1 and day 3 compared with newly created wounds (Figure 1e, 1f, 1g) . Morphologically, Ptc1 expression was observed in 3 types of cells: spindle-shaped mesenchymal cells, round-shaped infiltrating cells, and microvascular endothelial cells (Figure 1h ). Double staining of CD31 (green) and ␤-gal (red) confirmed that several Ptc1-positive cells were endothelial cells, and CD31-negative Ptc1-positive cells, which may be mesenchymal cells or infiltrating cells, were observed near part of the vessels (Figure 1g ).
Transgene Expression of Human Shh Plasmid
The expression of Shh after gene therapy in the wound was detected by Western analysis. Figure 2a shows an immunoblot for Shh protein 4 days after topical application of phShh to the wound, revealing expression of Shh protein. In the control group, only slight expression of Shh protein, corresponding to endogenous mouse Shh, was detected. To confirm that the increased Shh proteins in the phShh-treated group detected by Western blotting were not endogenous but derived from phShh, reverse transcriptase-polymerase chain reaction (RT-PCR) was done. RT-PCR for human Shh mRNA expression shows that the phShh results in a signifi- cant increase in human Shh mRNA levels in the wound tissue (Figure 2b ). No human Shh mRNA was detected in normal skin and LacZ plasmid-treated wound. There are no significant differences in murine Shh expression between normal skin, LacZ plasmid-treated wound, and phShh-treated wound. This result also confirmed that our human Shh primer does not detect murine Shh. Immunoperoxidase staining for Shh from wounds 4 days after treatment with phShh shows a large number of positive-staining cells at the edge of the wound (Figure 2f ). In particular, Shh was expressed by a variety of proliferating cells resembling fibroblasts and keratinocytes (Figure 2g and 2h) . In contrast, the wounds in the control group showed no specific staining for Shh (Figure 2c to 2e). Figure 3a shows wound areas of control (LacZ plasmidtreated), phShh-treated, and phShh plus VEGF blocking antibody-treated diabetic mice. The Shh-treated wound shows granulation of more than half of the wound area compared with scant epithelialization in the controls. As a consequence, Shh treatment resulted in a significantly smaller wound within 5 days of treatment (Figure 3a and 3b) . By day 14, this effect was most significant (percent wound closure, 25.0Ϯ2.0% versus 65.3Ϯ7.6%; PϽ0.0001, control versus phShh; Figure 3b) . To evaluate the possible negative effects of LacZ plasmid, methylcellulose pellet alone was applied on the wound. There was no significant difference between LacZ plasmid and this control. Consistent with these findings, histology revealed increased cellular infiltration, collagen deposition, and thick granulation tissue in phShh-treated wounds (Figure 3c ). The histological score of wounds from mice treated with phShh was significantly higher (2.3Ϯ1.0 versus 9.5Ϯ2.1; PϽ0.001, control versus phShh; Figure 3d ). Treatment with VEGF blocking antibody significantly inhibited the acceleration of wound healing in phShh-treated wounds (percent wound closure at day 14, 65.3Ϯ7.6% versus 
Shh Accelerates Wound Closure and Increases Angiogenesis in Diabetic Wounds
f). Positive staining is observed in numerous areas (arrows) in granulation tissue. h, Higher magnification of epidermis in phShh-treated wounds (f).
Positive staining is observed in basal keratinocytes (arrows) at the edge of the wound. Magnification ϫ100 (low power) or ϫ400 (high power).
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34.7Ϯ4.1%; PϽ0.001, phShh versus phShhϩVEGF antibody; Figure 3b ). Figure 4a shows hematoxylin-eosin staining of whole wounds revealing improved wound appearance and increased granulation tissue formation in a phShh-treated wound. Wound angiogenesis was analyzed with the use of fluorescent BS1 lectin to visualize neovascularization in the resected wounds on day 14 (Figure 4b ). Ten-micrometer frozen sections were used for analysis. Figure 4b shows a comparison of neovascularization at the wound margin in control (LacZ plasmid)-treated, phShh-treated, and phShh plus VEGF blocking antibody-treated diabetic mice after 14 days. Compared with the control group, Shh-treated wounds had significantly enhanced vascularity, with sprouting toward the center part of the wound. Shh significantly enhanced wound vascularity as assessed by the percentage of the pixels in each image that were fluorescent (4.79Ϯ0.32% versus 14.63Ϯ0.901% versus 5.57Ϯ1.82%, control versus phShh versus phShhϩVEGF antibody; PϽ0.001; Figure 4c ). 
Ptc1 and Smo Expression in Wounds
Immunofluorescence staining for Ptc1 and Smo in the area surrounding the wound was performed with costaining for VEGF ( Figure 5 ). The number of Ptc1-positive cells was increased in phShh-treated wound compared with control, whereas the number of Smo-positive cells was similar in the 2 groups. The Ptc1-or Smo-positive cells were colocalized with immunoreactivity for VEGF. These data suggest that these cells have the ability to produce VEGF after activation of the Ptc1/Smo pathway, stimulated by Shh, consistent with prior data. 2, 18 
Increased BM-Derived EPCs in Shh-Treated Wounds
To determine whether topical phShh augments recruitment of BM-derived EPCs into sites of wound repair, we chose a chimeric mouse model. GFP/BMT mice are the recipients of BM from donors in which cells express GFP. This enabled identification of cells that are derived from a BM progenitor.
After recovery from the BMT procedure, wounds were created on their dorsum and then randomly assigned to treatment with phShh or control plasmid. Fourteen days after wounding, these mice were euthanized, and wounds were harvested. To visualize the functional neovasculature in the healing wound, 5 animals of each group were injected with rhodamine-conjugated BS1 lectin via the left ventricle before euthanasia, as described above. Figure 6a shows the contribution of BM-derived EPCs into the neovasculature of the healing wound edge at day 14. 
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To identify the potential mechanisms responsible for the therapeutic effect of Shh on wound healing, we evaluated mRNA expression of a panel of candidate genes in primary cultured adult dermal fibroblasts (Figure 7a ). There was upregulation of the Hh-related transcription factor Gli1, meaning that the Hh pathway is intact in these adult cells. As expected, the expressions of VEGF and angiopoietin-1 were upregulated by Shh; however, the expression of angiopoietin-2 was not significantly altered. In addition, the expression of SDF-1␣, a trafficking chemokine for hematopoietic stem cells, was also increased. The effects of Shh on dermal fibroblast proliferation were examined with the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt assay (Figure 7b ). Shh increased proliferative activity of fibroblasts in a dose-dependent manner (0 g/mL, 0.148Ϯ0.004; 0.5 g/mL, 0.187Ϯ0.007; 1 g/mL, 0.232Ϯ0.004; 5 g/mL, 0.243Ϯ0.007; 10 g/mL, 0.191Ϯ0.006; *PϽ0.0001 versus 0 g/mL).
Shh Upregulates EPC Proliferation, Migration, Adhesion, and Tube Formation
Prior studies have indicated that mature endothelial cells express the Shh receptor Ptc1 and that Hh signaling is essential for endothelial tube formation. 19, 20 We hypothesized that EPCs might also exhibit functional Ptc1 expression.
Cultured EPCs derived from NLS-Ptc1-LacZ mice were used for immunofluorescence analysis (Figure 8a ). EPCs were identified by costaining with acLDL-DiI and FITCconjugated isolectin B4, both of which are markers of endothelial lineage. Ptc1 expression in EPCs from NLS-Ptc1-LacZ mice was visualized as blue fluorescence with the use of anti-␤-galactosidase antibody. Accordingly, triple labeling for acLDL-DiI, FITC-conjugated isolectin B4, and ␤-gal identifies EPCs that express Ptc1.
To examine the direct effects of Shh on EPCs, we performed a series of in vitro assays. First, we used RT-PCR (Figure 8b ) to assess gene expression in cultured EPCs. Shh (1 g/mL) increased Ptc1 gene expression in EPCs exhibiting a biphasic response (0 g/mL, 0.19Ϯ0.046; 1 g/mL, 0.329Ϯ0.061; 10 g/mL, 0.178Ϯ0.006; *PϽ0.05 versus 0 g/mL). Interestingly, VEGF gene expression was not increased in EPCs by Shh.
Next, we evaluated the effect of Shh on EPC migration (Figure 8c) . The migratory response of EPCs toward different concentrations of Shh was measured with the modified Boyden chamber migration assay. The effect of Shh on migration peaked at 1 g/mL; higher concentrations elicited less stimulation (*PϽ0.001 versus 0 g/mL Shh). Furthermore, the peak effect of Shh on EPC migration was greater than the migratory response induced by 50 ng/mL of VEGF ( †PϽ0.001 versus 50 ng/mL VEGF).
EPC proliferation was examined with the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt assay (Figure 8d ), disclosing that Shh increased proliferative activity in a dosedependent manner (0 g/mL, 0.202Ϯ0.002; 0.5 g/mL, 0.203Ϯ0.003; 1 g/mL, 0.212Ϯ0.001; 5 g/mL, 0.223Ϯ0.001; 10 g/mL 0.226Ϯ0.002; *PϽ0.001 versus 0 g/mL).
To study the EPC adhesion (Figure 8e ), EPCs were first incubated with Shh (0, 1, 10 g/mL) for 36 hours. After replating on vitronectin-or laminin-coated dishes, EPCs preexposed to Shh exhibited a significant, dose-dependent increase in the number of adhesive cells at 30 minutes (vitronectin: 0 g/mL, 141.8Ϯ18.012 cells; 1 g/mL, 371.4Ϯ49.878 cells; 10 g/mL, 532.8Ϯ24.897 cells; laminin: 0 g/mL, 13.6Ϯ1.166 cells; 1 g/mL, 17.4Ϯ1.435 cells; 10 g/mL, 36.2Ϯ5.286 cells; nϭ8; *PϽ0.001, **PϽ0.01 versus 0 g/mL).
Finally, tube formation assays were performed to evaluate in vitro capillary morphogenesis induced by Shh exposure of EPCs. Figure 8f shows phase-contrast micrographs of EPCs in the presence or absence of 2 g/mL Shh protein for 48 hours. EPCs formed tubular structures after exposure to Shh, whereas tube formation was rare in the control-treated EPCs.
Discussion
Hh proteins are morphogens that play critical roles in organ development in embryogenesis and regulate epithelial- Boyden chamber migration assay. The effect of Shh on migration peaked at 1 g/mL; higher concentrations elicited less stimulation. †PϽ0.001 vs 50 ng/mL VEGF, *PϽ0.001 vs 0 g/mL Shh. d, Shh induced EPC proliferation. Shh protein increased proliferative activity, which was statistically significant in a dosedependent manner. *PϽ0.005 vs 0 g/mL. nϭ8. e, Shh induced EPC adhesion to vitronectin and laminin. Shh protein increased adhesive activity, which was statistically significant in a dosedependent manner. nϭ8. *PϽ0.001, **PϽ0.01 vs 0 g/mL. f, Phase-contrast micrographs of EPCs in the presence or absence of 2 g/mL of Shh for 48 hours (magnification ϫ10). EPC formed aggregations and obvious tube structures by Shh protein compared with control group.
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Topical Shh Gene Therapy for Wound Healingmesenchymal interactions that are crucial to morphogenesis of the nervous system, somite, limb, lung, gut, hair follicle, and bone. [21] [22] [23] [24] [25] [26] [27] [28] Several recent studies have suggested that Hh proteins might be involved in the vascularization of certain embryonic tissues. Hypervascularization of the neuroectoderm is seen after transgenic overexpression of Shh in the dorsal neural tube, 29 whereas a knockout of the zebra fish Shh homologue results in disorganization of the endothelial precursor cells and inability to form the dorsal aorta or axial vein. 30 In addition, Shh-deficient mice lack proper vascularization of the developing lung. 23 We investigated the hypothesis that the endogenous Shh pathway is physiologically involved in the skin wound healing process, in which angiogenesis plays a critical role, and that augmenting the Shh signaling pathway could accelerate wound healing by promoting angiogenesis. Specifically, we were interested in testing this hypothesis in a wound model in which angiogenesis is known to be deficient, ie, diabetes.
We detected upregulation of Ptc1 during wound healing, indicating that this pathway is intact in adult skin and upregulated during wound repair. Upregulation of Ptc1 expression occurs in mesenchymal fibroblasts, endothelial cells, and infiltrating cells. The ability of fibroblasts to respond to Shh stimulation has been reported previously. 2 We show that dermal fibroblasts are activated by exogenous Shh stimulation, resulting in the expression of several angiogenic cytokines and induction of proliferative activity.
Because of the very short half-life of Shh protein, we used Shh gene therapy to extend the duration of exposure of the target tissue to the therapeutic agent. The methylcellulose carrier method results in rapid and relatively long-term expression of the transgene. 7 This longer duration of expression of the transgene is likely attributable to the methylcellulose carrier that retains DNA at the wound site and slows diffusion of the plasmid into the tissue.
The critical role of angiogenesis in the acceleration of wound healing by Shh was disclosed in our studies by application of VEGF neutralizing antibody, which resulted in abrogation of the therapeutic effect of Shh on wound neovascularization with an attendant delay in wound closure. These data suggest that the effects of Shh on wound healing are mediated to a large extent by the augmentation of neovascularization via VEGF and are not the result of stimulating reepithelialization alone. If the effects of Shh on wound healing were mediated only by growth of keratinocytes, the inhibition of neovascularization by blocking of VEGF signaling would not be expected to have a significant effect on wound closure. Shh may promote reepithelialization via direct effects on keratinocytes; however, our data suggest that the acceleration of neovascularization via VEGF upregulation is a key feature mediating the effects of Shh. It is also known that sufficient granulation tissue is needed for reepithelialization. 1 We have shown the development of thick granulation tissue with abundant neovessels in Shh-treated wounds. This finding also suggests that Shh accelerates granulation tissue formation in part via a proangiogenic effect. However, our results do not completely eliminate the possibility that other effects of Shh on wound reepithelialization, for example, through activating keratinocytes, could contribute to the acceleration of wound closure. It is possible that Shh also promotes reepithelialization directly as well as by augmenting neovascularization and granulation tissue formation, and these multifactorial effects of Shh might contribute to the overall effect on wound closure.
The effects of Shh on endothelial cells has been shown previously; Shh dose dependently induced capillary morphogenesis by endothelial cells through the Gli-independent PI3-kinase pathway. 19, 20 In our wound-healing model, Shh induces large and thick microvasculature sprouting toward the center part of the wound. This morphogenic effect of Shh plus the induction of expression of angiogenic cytokines from fibroblasts may contribute to the formation of mature vessels.
We also identified Ptc1 expression in EPCs. Recent studies suggest that there is no direct effect of Shh on cellular responses, such as proliferation, migration, and serumdeprived survival, in cultured endothelial cells. 20 However, EPCs are distinguishable from mature endothelial cells and could be said to share certain characteristics with undifferentiated cells, which are a primary target of Shh during embryonic life. Therefore, we examined the effects of Shh on EPCs and found several direct effects, including induction of proliferation, enhanced adhesion, increased migration, and tube formation.
Shh also increases the expression of SDF-1␣, a trafficking chemokine for hematopoietic stem cells, providing a potential explanation for the enhanced recruitment of BM-derived progenitor or stem cells documented in our BMT models.
Taken together, these data suggest that fibroblasts are one of the major mediators of Shh activity during wound healing. It is well known that hair follicle keratinocytes (or epidermal stem cells) contribute to reepithelialization during the woundhealing process, 31 suggesting that follicle keratinocytes and dermal papilla cells are key targets of Shh signaling.
The Hh gene was identified as a critical regulator of cell-fate determination during embryogenesis in Drosophila 2 decades ago.
There are 3 highly conserved Hh genes in mammals: Shh, desert hedgehog (Dhh), and Indian hedgehog (Ihh). Shh is the most widely expressed during development among the 3 hedgehog family members. 27, 32 Hh signaling occurs through the interaction of Hh ligand with its receptor, Patched-1 (Ptc1 encoded by Ptch). 33 After Hh binds Ptc1, subsequent activation of Smo initiates signaling events that lead to the regulation of transcriptional factors belonging to the Gli family, which modify the expression of downstream target genes of the Hh pathway, including Ptch and Gli themselves. 34 -37 Thus, Ptc1 and Gli are required components as well as transcriptionally induced targets of the Hh signaling pathway.
We examined Ptc1 and Gli1 expression as markers for activation/inactivation of the Hh/Ptc/Gli pathway. However, Hh can also induce a Gli-independent pathway such as the orphan nuclear receptor COUPTF-II 38 or PI3-kinase. 20 We recently discovered that Shh acts as an indirect angiogenic agent and may trigger neovascularization through Shh/Ptc1 signaling, specifically in mesenchymal cells, 2 and the inhibition of Shh signaling is sufficient to decrease ischemiainduced local angiogenesis and the upregulation of VEGF from skeletal fibroblasts. 39 These results indicate that the activation of the Shh signaling pathway is crucial for angiogenic response. Thus, the embryonic morphogen Shh may have therapeutic potential for pathological conditions that need angiogenesis such as lower extremity ischemia, myocardial ischemia, and diabetic foot ulcer.
Upregulation of Shh signaling has been reported in humans and in animal models of basal cell carcinoma. 40 -42 This might suggest that transfection of Shh could be limited as a clinical strategy for wound healing because of a potential risk for cancer induction. However, it should be noted that reports regarding the carcinogenic effect of Shh involved transgenic or mutated mice and the observation that a mutation in the Shh pathway is found in a percentage of patients with basal cell carcinoma. It is probable that the high dose and long-term exposure of Shh resulting from the genetic models, as well as the dysregulated signaling that occurs in the presence of the human mutation, are factors in the development of cancer. Thus, it is possible that the lower dose and short-term exposure to the unmutated Shh, via naked DNA gene therapy, would not generate a similar degree of risk, if any. Nevertheless, a cautious stance is certainly prudent as one approaches the use of Shh clinically.
Regulation of cell proliferation, migration, adhesion, and capillary differentiation is essential to develop functional neovasculature during wound healing. The findings of the present study suggest the possibility that topically applied Shh gene therapy might play a novel role in postnatal neovascularization, not only indirectly but directly via stimulation of EPCs. Finally, vascular remodeling, induced by modulating the Hh pathway, might have therapeutic potential in patients with microvascular dysfunction such as diabetic foot ulceration, which is a major cause of morbidity for the growing population of diabetics. Future investigation is warranted to determine the potential clinical utility of this approach.
